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Published online: 18 April 2016Abstract. This paper presents 2D generalized plain strain simulations of the thermo-mechanical response of a
pellet fragment and overlying cladding during a RIA transient. A ﬁctitious hydride blister of increasing depth
(25 to 90% of the clad thickness) is introduced at the beginning of the calculation. When a pre-determined hoop
stress is exceeded at the clad outer surface, radial cracking of the blister is taken into account in the simulation by
a modiﬁcation of the mechanical boundary conditions. The hoop stress criterion is based on Finite Element
simulations of laboratory hoop tensile tests performed on highly irradiated samples with a through-wall hydride
blister. The response of the remaining clad ligament (beneath the cracked blister) to the pellet thermal expansion
is then studied. The simulations show that plastic strains localize in a band orientated at ∼45° to the radial
direction, starting from the blister crack tip and ending at the clad inner wall. This result is in good agreement
with the ductile shear failures of the clad ligaments observed post-RIA transients. Based on a local plastic strain
failure criterion in the shear band, ALCYONE simulations are then used to deﬁne the enthalpy at failure in
function of the blister depth.1 Introduction
The behavior of high burnup fuel during a Reactivity
Initiated Accident (RIA) has been studied experimentally
in the NSRR [1,2] and CABRI reactors [3,4]. It is now well
established that the accumulation of hydrides beneath the
thick outer zirconia layer that can form in Zircaloy-4
claddings during base irradiation is a key factor with
respect to fuel rod failure during the Pellet Cladding
Mechanical Interaction (PCMI) phase of a RIA [5]. In the
extreme case of outer zirconia spalling, the local cold spot
that appears triggers hydrogen diffusion in the cladding
resulting in a massive hydride precipitation and eventually
to a hydride blister (or lens).
Many experimental works have shown that precipitated
hydrides result in a loss of ductility of zirconium alloys,
especially at low temperatures. In the extreme case of a
through-wall hydride blister, the failure can be brittle with
no residual strains [6]. During simulated RIA transients on
Zircaloy claddings, it has been reported that the rod failure
proceeds in a mixed mode with a brittle fracture of theerome.sercombe@cea.fr
pen Access article distributed under the terms of the Creative Com
which permits unrestricted use, distribution, and reproductionheavily hydrided periphery of the cladding and a ductile
propagation in the remaining clad ligament [1–4]. Ductility
is here associated to the change of direction of the through-
wall crack, radially orientated in the hydride rim or blister
and then bifurcating at ∼45° until the clad inner wall.
In this paper, the failure of a fuel rod containing a
ﬁctitious hydride blister of varying thickness during a
simulated RIA transient is studied with the 2D generalized
plain strain scheme of the fuel code ALCYONE. The
relationship between the blister depth and the maximum
fuel enthalpy is seeked by multiple simulations of the
CABRI REP-Na8 test [3,4].2 The 2D model of the fuel code ALCYONE
ALCYONE is amulti-dimensional fuel code co-developed by
the CEA, EDF and AREVA within the PLEIADES
environment which consists of three different schemes [7]:
a 1.5D scheme tomodel the complete fuel rod, a 3D scheme to
model the behaviour of a pellet fragment with the overlying
cladding, a 2D(r,u) scheme tomodel themid-pellet plane of a
pellet fragment, see Figure 1. The different schemes use the
same Finite Element (FE) code CAST3M [8] to solve themons Attribution License (http://creativecommons.org/licenses/by/4.0),
in any medium, provided the original work is properly cited.
Fig. 1. Mesh and mechanical boundary conditions in the 2D scheme of ALCYONE.
2 J. Sercombe et al.: EPJ Nuclear Sci. Technol. 2, 22 (2016)thermo-mechanical problem and share the same physical
material models at each node or integration points of the FE
mesh.Adetaileddescription of themainmodels andmaterial
parameters considered in the thermo-mechanical code
ALCYONE can be found in references [9,10].
Post-irradiation examinations performed on Pressur-
ized Water Reactors (PWR) pellets after 2 to 5 cycles of
base irradiation show that the pellets are usually broken in
∼6–10 pieces of irregular size [9]. In the 2D simulation, the
behavior of an average fragment representing one eighth of
the pellet is studied. Because of the geometrical symmetries,
only one sixteenth of the pellet and of the overlying piece of
cladding is meshed. The mechanical boundary conditions
considered in the 2D calculations are shown in Figure 1. The
opening and closing of the radial cracks between the pellet
fragments is allowed by applying a unilateral condition
(uy≥ 0) on the nodes of the (0x) line. At the pellet-cladding
interface, unilateral contact is assessed and a Coulomb
model is introduced to simulate friction-slip or adherence.
The ﬁctitious blister crack is introduced bymodifying the
boundary conditions on the axis of symmetry of the pellet
fragment (0r). Initially, the tangential displacement ut of the
nodes is set to zero.When thehoop stress on the external clad
wall reaches a pre-deﬁned threshold, the boundary condition
on the nodes included in the depth of the hydride blister is
modiﬁed. A unilateral condition is applied to avoid non-
physical interpenetration with the symmetric part of the
blister (ut 0). Note that this simpliﬁed approach implies
that blister cracking has an inﬁnite length in the axial
direction (that of the rod axis of symmetry).3 Material properties for the cladding
and the hydride blister
To model the behavior of fresh and irradiated Zircaloy-4,
the constitutive law developed in reference [11] is used in
ALCYONE. It consists in a uniﬁed viscoplastic formulationwith no stress threshold between the elastic and viscoplastic
regimes. The texture-induced plastic anisotropy of
Zircaloy-4 is described by a Hill’s quadratic criterion.
The model includes four parameters (strain rate sensitivity
exponent, strength coefﬁcient, strain hardening coefﬁcient,
Hill’s coefﬁcients) that have been adjusted on an extensive
database of laboratory test results (axial tensile tests,
hoop tensile tests, closed-end internal pressurization tests)
essentially obtained from the PROMETRA program,
dedicated to the study of zirconium alloys under RIA
loading conditions [12]. The model is able to account
precisely for the impact of temperature, strain rate, and
irradiation damage on the ultimate stress, on the strain
hardening exponent (up to uniform elongation) and on the
plastic anisotropy of the material.
The explicit modeling of a hydride blister is a complex
problem which would require the realistic modeling of outer
zirconia formation and the partial spalling of the layer, the
thermo-diffusion of hydrogen and the volume expansion
associated with the precipitation of d-hydrides [13]. Such a
work is far beyond the goal of this paper. In the simulations,
we assume that a stable and non-evolving hydride blister is
present at the beginning of a RIA pulse test. In this respect,
it is implicitly assumed that irradiation creep of Zircaloy-4
during base irradiation is sufﬁcient to relax internal stresses
generated by the precipitation of d-hydrides. In the
simulations, the thermal (heat capacity, thermal conduc-
tivity) and mechanical (Young modulus, Poisson ratio)
properties of the cladding zone where the hydride blister is
located are furthermore identical to those of the remaining
cladding.
The only speciﬁc parameter required in the 2D
simulations is the stress to failure of the hydride blister.
An approximate value of ∼145MPa was deduced by
Desquines et al. [6] from a hoop tensile test performed on an
irradiated highly corroded clad sample containing a
through-wall hydride blister (PROMETRA test 2468,
Zircaloy-4, strain rate 5/s, temperature 480 °C). The failure
Blister posion Hoop stress (MPa)
inserts
cladding
Fig. 2. Hoop stresses calculated at failure time during the PROMETRA test 2468 (left: friction coefﬁcient 0.1, right: friction coefﬁcient
0.4).
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Interpretation of hoop tensile tests is however complex due
to structural effects that occur during the experiment
(bending, friction . . . ). A detailed Finite Element analysis
where the clad section and the half cylinder inserts are
considered can nevertheless provide realistic estimate of the
plastic strains [11,14]. The simulation of test 2468 has
therefore been undertaken and shows that the stress state is
far from being homogeneous in the clad thickness and width
and depends greatly on the exact position of the blister
(Fig. 2). With a friction coefﬁcient of 0.1, the hoop stress on
the clad outer wall at failure and out of the gage section
varies between 150 and 250MPa.4 Simulation of the CABRI REP-Na8 test
The CABRI REP-Na8 test was performed on a highly
corroded UO2/Zircaloy-4 fuel rod (maximum corrosion
thickness 84–126mm) with partial spalling detected before
the test. The main characteristics of the test are recalled in
Table 1 (from Ref. [3]).
The REP-Na8 test led to the loss of tightness of the
rod at an enthalpy of 78 cal/g. Several microphone (or
acoustic) signals were however recorded before the gas
ejection in the coolant. At an enthalpy level of 44 cal/g,
a microphone event located near the Peak Power Node
(PPN) has been correlated to a limited axial crack
extension inside a hydride blister (depth ∼50% of the clad
wall thickness), suggesting a possible failure initiation
without loss of tightness [3,4].Table 1. Main characteristics of the CABRI REP-Na8 test
Fuel Cladding Max.
burnup
Energy
(cal/g)
UO2 Zy-4 60 GWd/t 110.7
a
Enthalpies from simulations with the SCANAIR code.A preliminary 2D simulation of the base irradiation
prior to the REP-Na8 pulse test was ﬁrst performed with
ALCYONE. Note that ALCYONE ensures a continuity in
the physical and material models between base irradiation
and RIA calculations. There is therefore no speciﬁc
initialization of the variables prior to pulse simulations
(fragment relocation, intragranular or intergranular gas
bubbles, pellet cracking . . . ). In particular, the pulse t0
pellet-clad gap is close to 2mm and is therefore not
artiﬁcially closed as it is the case inmost of the transient fuel
performance codes.
The REP-Na8 pulse test was then simulated with
ALCYONE. The hoop stress distribution in the cladding
calculated 5ms before and at the time of the microphone
event related to the blister cracking (average fuel enthalpy
44 cal/g) are shown in Figure 3 (at PPN). The stresses are
maximum in front of the pellet fragment symmetry axis
where the pellet-clad gap was minimum at the beginning of
the pulse. They reach 170–210MPa and are therefore of the
same order as the hydride blister tensile strength deduced
from the PROMETRA tests. The stress level is however too
small to induce signiﬁcant plastic strains. The temperature
of the clad external wall does not exceed 320 °C at the time
of the microphone event.
The 2D simulation is then carried on assuming the
complete failure of a hydride blister of half the clad wall
thickness (50%). As explained in Section 2, the boundary
conditions (ut= 0) are partly released on the clad line
situated in front of the pellet fragment symmetry plane. It
results in the opening of the ﬁctitious blister crack with a
bending moment on the clad inner surface, as shown in.
Width
(ms)
Blister
crackinga
Loss of
tightnessa
Max.
enthalpy
75 44 cal/g 78 cal/g 98 cal/g
Fig. 3. Hoop stresses (in MPa) calculated in the cladding 5ms (left) and at the time of the microphone event attributed to the cracking
of a hydride blister at PPN (right).
0.5 mm
Fig. 4. Local re-opening of the pellet-clad gap during the pulse transient and distribution of the clad equivalent plastic strains (clad
displacements are multiplied by a factor 5).
0.1 mm
Fig. 5. Clad state at PPN after the REP-Na8 test and calculated equivalent plastic strains at the end of the 2D simulation.
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(during the pulse) of the pellet-clad gap on a circumference
of ∼400mm. Thinning of the remaining clad wall is also
induced by the blister cracking.
The localization of plastic strains in a band making an
angle of ∼45° with the radial direction seems consistent with
the re-opening of the pellet-clad gap. Plastic strains develop
between the blister crack tip and the ﬁrst location where the
pellet is still in contactwith the cladding.The 45° bifurcation
observed after RIA pulse tests is characteristic of a ductile
failure in the plane of the maximum shear stresses. The
qualitative agreement between our simulation and post-test
metallographic observations is illustrated in Figure 5.
Overall, the introduction of a 50% thick hydride blister
in the 2D calculation has some impact on the (average) clad
outer diameter variation during the test. The loss of
stiffness induced by the blister cracking leads to an increase
of the (average) clad outer diameter from 0.4% to 0.6%. TheFig. 6. Equivalent plastic strains calculated at the time of the REP-N
(in % of the clad wall thickness).latter is to be compared with the 0.5% residual strains
estimated post-test from the metallographic radial cut close
to the PPN [3].5 Impact of hydride blister depth on clad
strains
The 2D simulation of the REP-Na8 test has been used to
study the impact of the hydride blister depth on the clad
strains. The onset of blister cracking (at the time of the
microphone event) has not been modiﬁed since the blister is
assumed to behave as the rest of the cladding. Only the
number of nodes where the boundary conditions are
released has been changed in the simulations. As illustrated
in Figure 6, six conﬁgurations with blisters depths equal to
25, 50, 60, 70, 80 and 90% of the clad wall thickness, have
been considered.a8 fuel rod loss of tightness in function of the hydride blister depth
Average plasc hoop strain in 
the 45° shear band
Fig. 7. Location where the average plastic hoop strain in the 45°
band is calculated.
6 J. Sercombe et al.: EPJ Nuclear Sci. Technol. 2, 22 (2016)As can be expected, the increase of the blister depth
leads to increasing plastic strains in the 45° band. To
compare the strain levels in the uncracked clad ligament
situated beneath the hydride blister, the average plastic
hoop strain in the 45° band has been used. It was preferred
to the maximum plastic strain which obviously depends
greatly on the mesh reﬁnement and to the average hoop
strain in the cladding which does not account much for the
pronounced strain localization at the blister crack tip.
Figure 7 depicts the clad zone where the average plastic
hoop strain in the 45° band is calculated. In each concentric
ring of the clad mesh, the maximum plastic hoop strain is0
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Fig. 8. Calculated evolution of the average plastic hoop strain in th
hydride blister depth (in % of the clad thickness).determined. Since an equidistant mesh is used in the radial
direction, the sum of the maximum plastic hoop strains is
then divided by the number of elements situated beneath
the blister crack tip. The hoop strain was chosen because it
can be compared directly to the local hoop strain measured
from wall thinning at the blister crack tip [15]. This is not
the case of the deviatoric plastic strain even if the latter is
more relevant to assess the extension of clad damage in
hydrided cladding [16].
The calculated time evolutions of the average plastic
hoop strain in the 45° shear band are plotted in Figure 8.
The times of the microphone events associated to blister
cracking and to the rod failure are indicated. If we assume
that the 50% deep hydride blister found at PPN is
representative of the initial state of the REP-Na8 cladding,
it appears that the allowable maximum plastic strain in
the clad ligament beneath the hydride blister is of the order
of 0.5%.
According to our thermo-mechanical simulation of the
REP-Na8 test, failure of the rod is reached at a very low
average plastic strain level in the 45° shear band (0.5%).
This value can be compared to the 1 to 5% fracture-tip wall
thinning estimated by Chung and Kassner from the REP-
Na1 post-test metallographies [17] and to a lesser extent to
the 3 to 10% local plastic strains measured by Hermann
et al. [15] from burst tests performed at 350 °C on irradiated
Zy-4 cladding samples containing large hydride lenses
(40–50% of the clad wall thickness). These local strains
were estimated from the local thinning of the clad ligaments
situated beneath the hydride lenses and are therefore close
to our analysis of the calculated plastic strains. The burst
tests performed by Hermann et al. [15] were pressure driven
tests which might not lead to experimental strains directly
comparable to our calculated strains. It may be argued that
the viscoplastic model of Le Saux et al. [11] does not account
for the development of cavities and voids in the highlyTime (s) rod failure 
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Fig. 9. Calculated evolution of the enthalpy at failure in function of the hydride blister depth (in % of the clad wall thickness), based on
the REP-Na8 test conditions.
J. Sercombe et al.: EPJ Nuclear Sci. Technol. 2, 22 (2016) 7strained parts of the clad ligament and hence does not allow
to capture the softening induced by material damage. The
treatment of softening in the framework of continuum
mechanics requires the development of more sophisticated
damage or micro-mechanically based models [16,18].
In Figure 8, the time evolution of the average plastic
hoop strain in the 45° shear band has been plotted for
thicker (60–70–80–90%) and thinner (25%) hydride
blisters. Assuming that the failure of the clad ligament
beneath the blister can be related to an average plastic
strain of 0.5%, the potential variation in failure time and
hence in average fuel enthalpy can be deduced from the
simulations. The impact of blister depth on the fuel
enthalpy at failure can hence be summarized in Figure 9. In
our simulations of the REP-Na8 test, the ﬁrst microphone
event associated to blister cracking occurs at an enthalpy of
42 cal/g. In case of a through-wall blister (100%), it gives
the enthalpy at failure. In the case of the assumed 50% thick
hydride blister of REP-Na8, the maximum enthalpy
reaches 75 cal/g. This value can be compared to the
78 cal/g obtained from a SCANAIR simulation of the REP-
Na8 test (Tab. 1). Between 50 and 90%, the evolution of the
enthalpy at failure is close to linearity, reﬂecting the almost
constant rate of straining by the pellet and the small plastic
strains at failure.6 2D model of the whole cladding
circumference with a single hydride blister
In spite of its qualitative agreement with post-RIA
observations of failed rods, the 2D simulations performed
with ALCYONE tend to underestimate the plastic strains
in the clad ligament beneath the blister for the following
reasons: the model is constrained by the fragmentation of
the pellet in 8 identical pieces which implies that the
simulation represents the failure of the whole circumference
of the clad tube with 8 identical blisters; the blister crack isintroduced on a plane of symmetry, meaning that two
identical 45° shear bands develop at the same time. To
improve the simulation of rod failure, a ﬁnite element model
of the whole circumference of the cladding tube with a single
hydride blister has been undertaken. The FE mesh is
illustrated in Figure 10.
The mesh in the vicinity of the hydride blister is much
more reﬁned than in the ALCYONE calculation since only
the cladding is considered. The cracking of the blister is
assumed to be slightly dissymmetric (it corresponds to the
blister crack angular position in the REP-Na8 test, see
Fig. 5), the dissymmetry being a possible input parameter
via the angles u1 and u2. The loading consist in the
prescribed radial displacement of the fuel external surface
calculated by ALCYONE. Friction and slipping between
the pellet and cladding are accounted for by modeling the
fuel external and clad internal surfaces by distinct
elements. In this respect, the fuel-clad gap re-opening
observed in ALCYONE simulations (Fig. 4) can be
reproduced. The time evolutions of the clad external and
internal temperatures are also extracted from ALCYONE
simulations.
Cross-comparisons with ALCYONE simulations have
shown that the time evolution of the average plastic hoop
strain in the 45° shear band beneath the blister is correctly
reproduced by the present calculation if only one eighth of
the pellet is considered and if the blister is not dissymmet-
ric. The mesh reﬁnement was found to have very little
impact which conﬁrms that the chosen plastic strain
criterion is numerically sound. It was also checked that the
angular position of the blister crack had no impact on the
results (see Fig. 11) meaning that a prescribed radial
displacement based on the average of the fuel external
surface is adequate. In this respect, the important stress
concentration in the cladding in front of the pellet radial
cracks usually considered of great importance in PCI
transient [7,9] (power ramps) appears of secondary
importance for RIA calculations.
Fig. 10. Finite Element mesh of the 2D simulation of the whole cladding circumference with a single dissymetrically cracked blister.
Calculated distribution of equivalent plastic strains in the simulation.
Fig. 11. Plastic strain distributions calculated at the end of the REP-Na8 test in case the blister crack is situated in front of the plane of
fracture (left) or the plane of symmetry (right) of the pellet fragment.
8 J. Sercombe et al.: EPJ Nuclear Sci. Technol. 2, 22 (2016)The crack in the blister is meshed explicitly with distinct
facing nodes. At the beginning of the calculation, the
displacements of the facing nodes are equal. At the time of
the microphone event related to the blister cracking, these
conditions are released. Figure 10 illustrates the dissym-
metric development of plastic strains in the simulation with
a 50% thick blister (u1 = 5°, u2 = 10°, blister length on clad
outer surface ∼1.3 mm). Interestingly, very high plasticstrains tend to develop at the blister crack tip but also along
the blister-clad interface which might be the reason for the
blister-crack decohesion observed in Figure 5.
From the calculation, it appears that the plastic strain in
the 45° shear band reaches in this case 2.8% at the time of
failure of the REP-Na8 test, to be compared to the previous
estimate with ALCYONE of the plastic strain at failure
(0.5%, seeFig. 8).A realistic approach to clad failure induced
J. Sercombe et al.: EPJ Nuclear Sci. Technol. 2, 22 (2016) 9by hydride blister cracking during a RIA obviously requires
the development of a simulation tool able tomodel thewhole
circumference of the cladding tube and the evolving PCMI.
The impact of blister geometry (length on outer clad surface,
dissymmetry of the crack) has not been studied yet in spite of
its potential great importance on plastic strains. Moreover,
the limited axial length of the blisters was not considered in
this study since only 2D simulations were performed. It
might as well contribute to the calculation of greater plastic
strains more consistent with experimental measures.7 Conclusions
In this paper, the thermo-mechanical response of a fuel rod
containing a ﬁctitious hydride blister has been studied by
2D plane strain simulations of RIA. The blister was
assumed to behave as the rest of the cladding material till a
prescribed hoop stress is reached on the outer clad surface.
The stress criterion is based on the Finite Element analysis
of a PROMETRA laboratory hoop tensile test performed
on a highly irradiated sample with a through-wall hydride
blister. The 2D simulations of the REP-Na8 pulse test
performed with ALCYONE led to a qualitatively good
representation of the mixed failure mode encountered in
RIA pulse transients on highly corroded fuel rods: the
brittle failure of the pre-pulse 50% thick hydride blister was
followed by the development of a diagonally oriented
plastic shear band in the remaining clad ligament. The
average plastic hoop strain in the shear band at the time of
failure of the REP-Na8 test (∼0.5%) was then used to
quantify the enthalpy at failure in fuel rods with blister of
increasing depth (25 to 90% of the clad thickness).
FE simulations of the whole cladding circumference with
a single hydride blister were then performed to study the
impact of the blister geometry and of the crack position on
the results. In case of adissymmetric radial crack, highplastic
strains were obtained at the blister crack tip but also along
the blister-clad interface, which might be the reason for the
blister-clad decohesion that can be observed after RIA tests.
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